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OBJECTIVE FOR EUV MICROSCOPY, EUV 
LITHOGRAPHY, AND X-RAY IMAGING 

CROSS-REFERENCE TO PRIOR FILED 
APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Application No. 61/868,252 filed Aug. 21, 2013, which is 
incorporated herein in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

This invention was made with government Support under 
Grant No. DE-AC02-09CH11466 awarded by the Depart 
ment of Energy. The government has certain rights in this 
invention. 

TECHNICAL FIELD 

This present disclosure generally relates to an imaging 
apparatus for use with extreme ultraviolet light and X-rays. 

BACKGROUND OF THE INVENTION 

Extreme ultraviolet (EUV) rays can be used for EUV 
lithography (EUVL), EUV spectroscopy, and EUV micros 
copy. Of particular interest is the EUV lithography at wave 
lengths near 13.5 nm for the manufacture of the next-genera 
tion integrated circuits, where objectives can be used to 
transfer or print de-magnified images of circuit components 
from a mask onto semi-conductor surfaces with a spatial 
resolution of better than 45 nm. The optimization of EUV 
lithography for the manufacture of the next-generation inte 
grated circuits is a Subject of intense research in industry and 
laboratories worldwide (Bollanti, Dilazzaro, et al., 2006; 
Budano, Flora, et al., 2006; Wu and Kumar, 2007). 
EUV lithography poses many challenges. EUV is absorbed 

by all matter, thus requiring EUV lithography to take place 
under vacuum. Furthermore, EUV radiation requires multi 
layer reflectors in order to focus the rays for lithography. Due 
to these multilayer reflectors, the Bragg condition needs to be 
satisfied for a given reflector. Moreover, the components of a 
EUV system that are directly exposed to the EUV light 
Source, which is usually a plasma produced by directing a 
powerful laser beam onto a Solid or liquid target, are Vulner 
able to damage from the simultaneously emitted high-energy 
ions and other debris. 

Schwarzschild objectives and their modifications are the 
leading candidates to transfer or print de-magnified images of 
circuit components from a mask onto semi-conductor Sur 
faces. The conventional Schwarzschild objectives consist of 
two concentric, concave and convex, spherical mirrors or 
reflectors and were originally developed for use in astronomy, 
where the rays are all paraxial. Schwarzschild objectives are 
therefore not optimized for the non-paraxial rays encountered 
in lithography, since image distortions, such as spherical 
aberrations, coma, and astigmatism occur if the rays deviate 
from near-normal incidence. 

For EUV lithography at wavelengths near 13.5 nm, which 
will be used for the manufacture of the next-generation inte 
grated circuits, the reflectors must be spherical multi-layer 
structures with a certain distance, d, between the consecutive 
Bragg reflecting layers of those structures. Therefore, the 
Bragg condition must be simultaneously satisfied on the 
reflectors, which comprise the EUV objective. This latter 
condition is a challenging requirement for all the Schwarzs 
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2 
child designs, which have been considered for lithography at 
13.5 nm so far, since with those designs this condition can be 
satisfied only locally and cannot be met over the entire area of 
the reflectors. Therefore, an image of the entire object (mask) 
can only be obtained in multiple exposures by moving both 
mask and wafer synchronously (Scanning) through an EUV 
beam of a small cross-section. 

Attempts have been made to increase the Bragg-reflecting 
area of the reflectors by laterally grading the d-spacing of the 
multi-layer structures over the area of the two reflectors (Fol 
tyn, Bergmann, et al., 2004). Aside from the technical chal 
lenges in the manufacturing of Such multilayer structures, a 
lateral grading of the d-spacing will also cause additional 
imaging errors, since the spherical symmetry of the two con 
centric reflectors is thereby destroyed. 

Another problem with the presently used Schwarzschild 
systems is that even Small deviations from normal incidence 
lead to severe image distortions due to astigmatism and 
spherical aberration (Bollanti, Dilazzaro, et al., 2006; 
Budano, Flora, et al., 2006). Attempts to deal with these faults 
have resulted in an increase in the number of optical elements 
in the optical chain, which reduce the throughput, and require 
longer exposure times or more powerful and expensive EUV 
sources. In this case the lifetime of the EUV source and 
damage of the collector mirror near the source become sig 
nificant problems, and can cause costly downtime for clean 
ing or replacing parts. 

U.S. Pat. No. 8,217,353 describes an imaging arrangement 
applicable to EUV and X-ray imaging where the Bragg con 
dition is satisfied on a pair of matched spherical concave 
reflectors. This design is, however, impractical for EUV 
lithography because the optics and object to be imaged would 
be on opposite sides of the vacuum chamber required for 
EUVL and EUV imaging. Furthermore, since the image 
would be projected on a point on yet another end of the 
chamber, the size of the imaging arrangement would be pro 
hibitively large. 
A two-dimensional, Stigmatic X-ray imaging system, 

which consists of two concentric, convex and concave, 
spherically bent crystals has been proposed (Bitter, Hill, et al., 
2012). This X-ray imaging system, which was designed for 
the X-ray diagnosis of hot plasmas at X-ray energies in the 
range from 3 to 13 keV or wavelengths in the range from 1 to 
4 A, has the unique property that the Bragg condition is 
simultaneously fulfilled at each point on two crystal Surfaces. 
However, in this imaging system layouts were only consid 
ered for a particular ray pattern, which limited the system to 
a certain Bragg angle pair and certain de-magnification. 

SUMMARY OF THE INVENTION 

Disclosed herein is an imaging apparatus, which includes 
an objective where the Bragg condition is simultaneously 
fulfilled at each point on the surfaces of two spherical reflec 
tors, for use in EUV microscopy, EUV lithography, and X-ray 
imaging with an additional degree of freedom, which facili 
tates the optimization of the apparatus by allowing for vari 
able de-magnifications and a choice of Bragg angles. Addi 
tionally, other layouts are disclosed herein with more general 
ray patterns. These more general ray patterns, which are 
obtained by rotating the above-mentioned particular ray pat 
tern by an angle C. about an axis through the common center 
of the two spherical reflectors, allow for variable de-magni 
fications. 

In one aspect, an adjustable apparatus for forming an image 
of an object includes: a. at least one pair of concentric spheri 
cal reflectors wherein the reflectors share a common center 
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and wherein each pair includes a convex reflector with a 
radius of curvature R and a Bragg angle 0, and a concave 
reflector with a radius of curvature R and a Bragg angle 0. 
wherein the spherical reflectors are concentric with a math 
ematical sphere that contains a radius RT, wherein: RT-R 
cos(0)=R cos(0); b. a ray pattern established by reflection 
of radiation from the object on the reflectors; and c. an axis of 
symmetry of the ray pattern from the object, through the 
common center, to an image of the object and wherein the 
apparatus is configured to allow the ray pattern to be rotated 
about the axis. 

In another aspect, an adjustable apparatus for forming an 
image of an object includes: a. at least one pair of concentric 
spherical reflectors wherein the reflectors share a common 
center and wherein each pair includes a convex reflector with 
a radius of curvature R and a Bragg angle 0, and a concave 
reflector with a radius of curvature R and a Bragg angle 0. 
wherein the spherical reflectors are concentric with a math 
ematical sphere that contains a radius RT, wherein: RT-R 
cos(0)=R cos(0); b. a ray pattern established by reflection 
of radiation from the object on the reflectors; and c. an axis of 
symmetry of the ray pattern from the object, through the 
common center, to an image of the object and wherein the 
apparatus is configured to allow the ray pattern to be rotated 
about the axis preserving the same Bragg angles after the 
rotation. 

In another aspect, the spherical reflectors are extended to 
form spherical annuli. 

In another aspect, the spherical reflectors are multi-layer 
structures configured to reflect EUV rays. 

In another aspect, the multi-layer structures have uniform 
d-spacings, d and d, across the two reflector Surfaces, where 
d and d are the periods of the two multilayer structures. 

In another aspect, the spherical reflectors are spherically 
bent crystals. 

In another aspect, the spherical reflectors are spherically 
bent mirrors. 

In another aspect, the apparatus further comprises an aper 
ture to select the rays that reach the image of the object. 

In another aspect, the object is a mask. 
In another aspect, the Bragg angles, 0 and 0, of the 

apparatus are each less than 45 degrees. 
In another aspect, the Bragg angles, 0 and 0 of the 

apparatus are each larger than 45 degrees. 
In another aspect the apparatus has a Bragg angle 0. 

Smaller than 45 degrees and a Bragg angle 0 larger than 45 
degrees. 

In another aspect the apparatus is adjusted Such that the 
Bragg angle pair and angle of rotation satisfies an aplanatic 
configuration for the spherical reflectors. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 depicts a 2D cut away of the design of an EUV 
imaging system for the Caltech Spheromak Gun configured 
with the EUV imaging apparatus, where a de-magnified 
image of the plasma is produced on a Scintillator. For this 
application, the spherical reflectors of the imaging system 
may be either mirrors or multi-layer structures. 

FIG. 2 depicts an example of an arrangement wherein two 
ray patterns are shown for a Bragg angle pair wherein the 
second ray pattern is the result of a rotation of the first ray 
patternaround its axis of symmetry by an angle C, resulting in 
a change in magnification. 
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4 
FIG. 3 depicts the ray pattern for a plasma-scintillator 

distance L-16 in., a magnification M2, and Bragg angles 
0=5°, 0–41.6562, radii R=413627, R=5.51303, p=R/ 
R=0.75, and c=57.2755°. 

DETAILED DESCRIPTION 

Disclosed herein is a novel adjustable apparatus that allows 
for the production of stigmatic images in X-ray imaging, EUV 
imaging, and EUVL. The shortcomings described previously 
can be overcome with the herein-described EUV adjustable 
configuration. The described apparatus incorporates addi 
tional properties compared to previously described objec 
tives. The use of a pair of spherical reflectors containing a 
concave and convex arrangement has been applied to a EUV 
imaging system to allow for the image and optics to all be 
placed on the same side of a vacuum chamber. Additionally, 
the two spherical reflector segments previously described 
have been replaced by two full spheres or, more precisely, two 
spherical annuli, so that the total photon throughput is largely 
increased. Finally, the range of permissible Bragg angles and 
possible magnifications of the objective has been largely 
increased. The increase in permissible Bragg angles is based 
on application of derived formulas showing that in addition to 
the originally considered ray patterns, ray patterns that are 
rotated by an angle, C., are allowed. This angle is another 
degree of freedom, which facilitates the choice of Bragg 
angles and thereby an optimization of the objective’s design 
with respect to the photon throughput, since reflectivity varies 
strongly with the angle of incidence. The apparatus can be 
assembled and aligned by using standard procedures for the 
assembly and alignment of optical components. 

Referring now to FIG. 1, a 2D cutaway of an EUV imaging 
system or apparatus for the Caltech Spheromak Gun is 
shown. The EUV imaging apparatus is used as the main 
optical component. The optical components 10 and 20 are 
slices of the pair of spherical annuli in the system. One spheri 
cal reflector is convex 20 and one is concave 10. A plasma gun 
is used to generate plasma 30, which is the object to be 
imaged. An observable plasma area for this arrangement is 8 
in.x8 in. or alternatively is 7 in.x7 in. The dimensions of the 
scintillator 40 is 1 in.x1 in. The distance between plasma and 
scintillator 40 is 24.58 in. The required de-magnification is 
M=8 or alternatively is M=7. The ray pattern travels from the 
plasma to the convex mirror 20, from the convex mirror 20 to 
the concave mirror 10, and from the concave mirror 10 to the 
“image' point at scintillator 40. The ray pattern has an axis of 
symmetry 25 for the ray pattern that connects the object to the 
image through the center of the spherical reflectors. 
An important feature of the imaging apparatus is that the 

objective includes two concentric spherical reflectors. The 
objective includes a convex spherical reflector with the radius 
R and a concave spherical reflector with the radius R. The 
two spheres share a common center, M. There is a third 
“mathematical concentric sphere about M with the radius 
RT-R cos(0)=R cos(0), where 0 and 0 are the glanc 
ing angles or Bragg angles on the two reflectors, and all of the 
rays, incident on or reflected from the two spherical reflectors, 
are tangential to this sphere. In the case of X-rays, when the 
spherical reflectors are spherical crystals with different crys 
tal lattice spacing, d, and d, the condition, R cos(0)=R 
cos(0), is absolutely necessary to fulfill the Bragg condi 
tions, w 2d sin(0)=2d sin(0), simultaneously at each 
point on the Surfaces of the two crystals. For the same reason, 
this condition is absolutely necessary if spherical multilayer 
structures are being used as reflectors. Additionally, an 
“object point Q in the plasma and its “image point' I on the 














